This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. (ellipsometry, tensiometry and atomic force microscopy), it was evidenced that rDGL partitions toward liquid expanded phase and at phase boundaries. rDGL gets adsorbed at several levels of insertion suggesting molecular cooperation that may favor insertion and strongly impacts on the lipid phase lateral organization. The addition of phosphatidylserine, negatively charged, reinforced adsorption; hence besides hydrophobic interactions and as further investigated through surface potential modeling, rDGL adsorption is favored by electrostatic interactions.
Graphical abstract

INTRODUCTION
Lipases (EC 3.1.1.3, triacylglycerol hydrolases) are soluble enzymes that cleave the ester bond of water insoluble substrates, triacylglycerols (TG). In humans, TG digestion is initiated in the stomach by human gastric lipase (HGL) [1, 2] . Like other lipases, HGL belongs to the α/β hydrolase family and possesses a Ser-His-Asp catalytic triad [3] . To catalyze such interfacial reaction, lipases undergoe a conformational change consisting in the opening of an amphiphilic lid that gives access to the active site while it generates a large hydrophobic surface surrounding the catalytic cleft and part of the interfacial recognition site (IRS) [3] [4] [5] [6] . HGL has been called "extremophilic" as it is stable and active in the acid environment of the stomach, it is resistant to pepsin hydrolysis and it is not inhibited by the bile salts present in the gastro-intestinal tract [7] . Its optimum activity at acidic pH (4-5.4) on natural long chain TG emulsions [8] is unique among lipases and is explained by a better adsorption at the lipid/water interface at low pH [9, 10] while, above neutral pH, [11] the enzyme remains in the water phase and is poorly stable [12] . The interfacial characterization of HGL or of close analogues such as dog gastric lipase (DGL, 86 % amino acid sequence identity with human GL) has been investigated using Langmuir films based on lipid homogeneous monolayers. These studies revealed that the interfacial adsorption is pH-dependent and is the rate limiting step of the overall catalytic process [9, 10] . Interfacial adsorption of HGL and DGL would be mainly driven by hydrophobic interactions notably via a large apolar ring around the active site cavity which is preserved on a wide range of pH [10] . Since the adsorption process of HGL is pH-dependent, some electrostatic interactions are probably important but specific amino acids or domains potentially involved in these interactions have not yet been identified.
HGL is not only the first lipase found along the gastro-intestinal tract, it is also produced at high levels in the early life while the production of pancreatic enzymes and bile is still limited [12] [13] [14] . In the neonatal context, lipid digestion is crucial for cerebral and global development and growth, and HGL appears as a central enzyme in this process [12, 14] . HGL is able to initiate the lipolysis of milk fat globules, what is not readily done by pancreatic lipase [15] . HGL can hydrolyze TG embedded in milk fat globules [16] [17] [18] and therefore it was hypothesized that HGL can penetrate the milk fat globule membrane [19] made of a trilayer of polar lipids and proteins [17, 18, 20, 21] . Indeed milk fat globules are based on an apolar core of TG which is enveloped by this complex membrane. The membrane composition reflects its secretory past: the inner membrane is derived from the endoplasmic reticulum whereas the outer bilayer adds on top of the first monolayer when the droplets gets excreted from the mammary secretory cells [22] . Thus, this external bilayer has the typical composition of mammalian cellular membranes. It contains glycerophospholipids (Phosphatidylcholine PC, Phosphatidylethanolamine PE, Phosphatidylinositol PI, Phosphatidylserine PS) but also sphingolipids (mainly Sphingomyelin SM), complex glycolipids, cholesterol and proteins [16] . Such variability of compounds results in a heterogeneous lateral packing of the lipid membrane constituents with a phase separation of liquid ordered (l.o.) microdomains enriched in sphingomyelin and cholesterol [23] , and liquid disordered domains (l.d.) enriched in other glycerophospholipids.
Natural membrane that stabilize lipoprotein particles such as the milk fat globule constitute a very good example of complex lipid interface with negative or zwitterionic head-groups and phase separation [22, 30] . The distribution of lipases in such an heterogeneous systems presenting phase coexistence [21, 24] has only been scarcely characterized [25, 26] . In homogeneous systems, Balashev and co-workers [27, 28] imaged successfully by atomic force microscopy (AFM) lipases on model lipid membranes. Thermomyces (formerly Humicola) Lanuginosus lipase was first visualized in a AFM liquid cell after being trapped in a DPPC monolayer followed by transfer on a DPPC/mica. The lipases appears as protrusion of 2 nm height over the membrane surface [27] . Then, using hybrid bilayers of DPPC/monooleoylglycerol or DPPC/monopalmitoylglycerol exposed to lipase in liquid cell, the preferential adsorption of Thermomyces lanuginosa lipase or of Candida rugosa lipase onto the edge of nano-scale structural defects was inferred from the growth of these defects following lipase injection [28, 29] . The initial rate of hydrolysis presented a lag phase for Candida rugosa lipase on DPPC/monopalmitoylglycerol whereas it was not observed for Thermomyces lanuginosa on DPPC/monooleoylglycerol. Authors hypothesized that this difference was linked to the physical state of the substrate (gel phase) which limited enzyme adsorption.
Up to now, the distribution of HGL or of a close mammalian gastric analogue in heterogeneous lipid system has never been studied. Nor the main protein-lipid interactions which drive the enzyme partition in the lipid membrane. In the present work, we aimed at elucidating these two points using recombinant DGL as a model of HGL and tensiometry coupled to ellipsometry followed by AFM.
Milk fat globule membrane complexity was approached using monolayers of both natural polar lipid extracts of milk fat globule, and binary/ternary/quaternary mixture of purified glycerophospholipids presenting liquid-liquid immiscibility at 20 mN.m -1
and at 20°C. All experiments were conducted at 20°C but in systems presenting similar liquid phase coexistence as observed at 37°C in the milk fat globule membrane.
MATERIALS AND METHODS
Lipids
A bovine buttermilk powder was supplied by LACTALIS (Retiers, France 
Enzyme
Recombinant dog gastric lipase (rDGL) was produced by Meristem Therapeutics (Clermont-Ferrand, France) in transgenic maize and purified as described previously [32] . rDGL stock solution was prepared at a concentration of 1.1 mg mL
in 10 mM MES (2-(N-morpholino)ethanesulfonic acid) (pH 6.0) containing 150 mM NaCl and was further diluted in sodium acetate buffer (10 mM) at pH 5
(100 mM NaCl, 20 mM CaCl 2 ) prior to monolayer experiments as described previously [9] .
Ellipsometry and surface tension measurements at the air/water interface
Experiments were performed using circular Teflon trough (volume 8 mL, surface area 27 cm 2 ).
Ellipsometric and tensiometric blank measurements were performed during half an hour on ultrapure water (Nanopure-UV) and then on 10 mM sodium acetate buffer (pH 5) containing 100 mM NaCl and 20 mM CaCl 2 . For the lipid-free interface experiments, the buffer was removed and replaced by a rDGL solution freshly prepared at different concentrations in the range of 5 to 120 nM.
The surface pressure (π) and the ellipsometric angle (Δ) were recorded simultaneously. The surface pressure was measured according the Wilhelmy-plate method using a filter paper connected to a microelectronic feedback system for surface pressure measurements (Nima Technology, England) [33] . Values of π were recorded every 4 s with a precision of ± 0.2 mN.m -1
. Ellipsometric measurements were carried out with a home-made automated ellipsometer in a "null ellipsometer"
configuration [34] . The laser beam probed a surface of 1 mm Values presented in the various graphs are representative of experiments performed in triplicate. ) is the lipase concentration in the subphase of the trough (for a detailed discussion about this mathematical approach see [9] ).
DGL adsorption rate in lipid monolayers at air/water interface
Curve-fitting the experimental data points to eq (1), using ), which represents the binding affinity between the protein and the lipid film, was obtained from the ratio of the measured rate constants (K Ads = k a /k d ).
Atomic force microscopy
For AFM imaging, the film was transferred onto a freshly-cleaved mica plate by the Langmuir- , SNL, Bruker, France), and at a scan rate of 1 Hz.
The force was minimized during all scans. To verify the integrity of samples after the different scans and zooms, the same zone was imaged at the end of the analysis. The scanner size is 100⨯100 μm platform FIJI [35] . The differences of height between LC and LE phases (Δ LC-LE ) were assessed by random measurements (N=20 on 8×8 µm² image) on cross-sections of the image using Picoscan 5.3.
The phase separation and distribution of the lipase in the image were further investigated using FIJI [35] as detailed in Supplementary Data ( Figure S2 ). Comparison of this approach with LangmuirSchaefer transfer followed by liquid cell imaging was also made in preliminary test (see Supplementary Data Figure S4 ). However, local desorptions of the bilayer were difficult to avoid as already reported [28] and induced local holes or reorganisation. Thus we decided in the present study to study lipase adsorption in heterogeneous monolayer using mainly Langmuir-Blodgett films.
DGL electrostatic surface potential modeling. Electrostatic surface potentials for DGL in open
conformation (X-ray 3D structure; pdb id: 1K8Q) and closed conformation (DGL 3D model built from the closed X-ray 3D structure of HGL (pdb id: 1HLG) and DGL-HGL sequence alignment) were built using freely available PDB2PQR web service [36, 37] . pKa calculations were concomitantly performed with PropKa [38] to assign protonation states of each protein at pH 5 (i.e. the working pH of monolayer experiments). The electrostatic potential data thus generated, were further visualized using the PyMOL-APBS Tools2 plugin [39] . Field forces were visualized using the same input data using VDM.EXE.
RESULTS
Adsorption of rDGL at the air/water interface
On the tested range of concentrations (5 to at 120 nM.
The observed plateau at concentrations larger than 40-60 nM indicated that the rDGL was forming a protein monolayer. The protein concentration used in the next experiments, was then fixed at 40 nM,
i.e., just below the rDGL surface saturation.
Adsorption of rDGL onto monolayers of milk polar lipid extracts and model glycerophospholipid mixtures spread at the air/water interface
Monolayers of milk polar lipid raw fraction (MPL), enriched MPL (MPL TLC ) and five mixtures of glycerophospholipids (Table 1) were selected for studying rDGL adsorption by ellipsometry and tensiometry. All mixtures presented liquid-liquid phase immiscibility and lateral heterogeneity.
Extraction of parameters (Δπ, Δπ max , δΔ) from the experimental curves is explained below and is illustrated in Figure 1 on MPL. Parameters are summarized in Table 1 . Following lipase injection, the variation of both ellipsometric angle and surface pressure was correlated with an influx of lipase triggering reorganization in the monolayer followed by the relaxation of the film. (Table 1) .
The difference between the initial (time 0) and final (5 hours) surface pressures of the system, called
Δπ, gives an indication on the long-term stability of the monolayer with adsorbed rDGL (Figure 1 ).
This parameter was very close to Δπ max on the two MPL extracts (Table 1) in line with the good stability of these systems following rDGL adsorption. A very high increase in the ellipsometric angle between injection and final time (i.e., δΔ) was observed on the two natural MPL monolayers.
Δπ max values obtained on model glycerophospholipid monolayers were highly dependent on the lipid blend composition (Table 1) (Table 1 ). In addition to these changes in the equilibrium values of δΔ measured after 5 hours, the short term variations of the ellipsometric angle (Δ) during the adsorption kinetics of rDGL was also affected by the lipid composition ( Figure 1B ).
Kinetics of adsorption of rDGL onto selected monolayers
To further characterize the differences in rDGL adsorption kinetics onto lipid monolayers, a new series of adsorption experiments (π i = 20 mN.m on DOPC/DPPC.
Visualization by AFM of lipase insertion into monolayers
AFM observations of the Langmuir-Blodgett lipid films in the absence or after injection of rDGL in the subphase, were conducted to investigate the distribution of rDGL at the nanoscale level ( Figure 2 ).
In all systems without rDGL, Langmuir-Blodgett films displayed typical phase separation with LC (lighter zones) and LE (background) domains of variable shapes and size depending on the lipid composition ( Figure 2A ). These domains were very irregular on the three model systems (DOPC/DPPC, DOPC/DPPC/DOPE and DOPC/DPPC/DOPS) but more circular on natural MPL extracts. Difference of height between LC and LE domains ranged from 1.1 and 1.8 nm (Table 2) Table 2 ). Nevertheless, the difference of height between LC and LE did not vary upon rDGL addition. On MPL TLC Langmuir-Blodgett films, injection of rDGL also resulted in more spherical LC domain and in the appearance of interconnected 'grains' in the LE phase but these grains were more numerous, and at a much more regular height than in the other systems (Figure 2 A) .
From these observations, we set the hypothesis that the 'grains' appearing in the systems after rDGL addition, were rDGL molecules either adsorbed onto or inserted into the lipid film. It is worth noticing that these grains appeared in the LE phase mainly or at LE-LC phase boundaries. These 'grains' were clearly displayed on the cross-sections profile of the AFM images ( Figure 2A ). In addition, the distribution of rDGL was also comforted by AFM imaging of Langmuir-Schaefer films in liquid cell as displayed in supplementary data ( Figure S4 ).
DISCUSSION
rDGL is characterized by a high interfacial affinity (air/water or lipid/water) despite limited insertion
The binding capacity of proteins at air/water and lipid/water interfaces is generally monitored as the increase in surface pressure (Δπ max ) which is connected both to the fraction of protein inserted at the interface and to variations of the interfacial film molecular packing. This parameter on its own does not describe the degree of insertion of the protein within the interface. Additional information can be obtained by coupling surface pressure and ellipsometric angle measurements [40] .
In the experiments of rDGL adsorption at the air/liquid interface, very high values (15-17°) of ellipsometric angle Δ were obtained for rDGL (from 1.9 to 5.8 mg.L -1 ). Such high values suggested that an important amount of protein was present in the first micrometer below the air/liquid interface [40] [41] [42] . In comparison, maximum ellipsometric angle values of 6° or 11° were reported respectively for apolipoprotein 1 (23 Kda, 53 nM) [43] or for globular proteins having molecular masses close to that of rDGL such as ovalbumin (45 kDa), forming a monolayer. This was observed at a higher
) than in our system [44] . The same authors also evidenced extreme value of ellipsometric angle of 21° for lysozyme (14 kDa, 10 g.L -1
), a smaller globular protein that however forms multilayers [44] .
Regarding rDGL, the linear evolution of surface pressure versus ellipsometric angle following the lipase injection into the subphase ( Figure S3B ): it is typical of protein monolayer formation [45] . ) [10] . Therefore, rDGL adsorption is clearly distinct from that of globular proteins forming multilayers and characterized by an increase in ellipsometric angle at constant surface pressure.
The maximum surface pressure (20 mN.m for ApoA-I and ApoC-III) [45] . Thus, while a large amount of rDGL molecules are at the air/liquid interface, the lateral molecular cohesiveness is relatively low.
The adsorption of rDGL onto model glycerophospholipid monolayers (initial π=20 mN.m ) [9] or using a mixed dicaprin-orlistat (lipase inhibitor) monolayer (K Ads = 1.22×10
) [47] . Increasing further the DOPS molar fraction (20%) in the mixed monolayer DOPC/DPPC/DOPS resulted in a lower insertion of rDGL at the interface: there might be an optimum distribution of negative charges present at the interface for rGDL adsorption, or alternatively more addition of DOPS to the monolayer may change the charge repartition in the film and induce protein repulsion. Conversely, the enrichment in polar lipids of MPL (MPL TLC ) resulted in a higher insertion of rDGL. The mechanisms by which these later changes in lipid composition or the type of interface affect rDGL insertion can hardly be explained at this stage, since these changes concern both the chemistry, the mixture and the phase behavior of lipids spread at the interface. Residual triglycerides (TG; around 30 % w/w) in MPL, are potential substrates for rDGL that can release free fatty acids. Free fatty acid incorporated in phospholipid monolayers mediate the adsorption of pancreatic lipase, colipase and carboxylester lipase, probably by concentrating fatty acids laterally in nano-domains surrounding the protein [48, 49] . This mechanism can not directly be transposed to rDGL for which we observed a lower adsorption in MPL in the presence of putative free fatty acids than in MPL TLC .
The higher adsorption of rDGL in the natural extracts can be linked to their heterogeneity of acyl chain lengths and the presence of short/medium acyl chains in MPL (see Figure 1 in supplementary data) compared to model blends of glycerophospholipids. This favorable impact of short chains was already postulated by Bénarouche et al. [9] who reported higher critical surface pressure π c onto dilauroylphosphatidylcholine (medium C12 acyl chains) monolayer compared to egg PC (longer and unsaturated C16-C18 acyl chains) monolayer. Generally speaking, the tensiometry and ellipsometry data compiled for rDGL at the air/water or lipid/water interface in the present work suggest that a large amount of the lipase molecules adheres onto the interface rather than fully penetrates into the interface which is in agreement with conclusions on lipase adsorption reported by Chu and coworkers [25] or
Piéroni and co-workers [50] .
rDGL partitions towards the LE phase in model membrane with phases coexistence and impacts on phase separation
Limited studies are available about the lateral distribution of lipases in model membrane with phase coexistence despite the obvious biological interest of such systems. More studies have been conducted by AFM in homogeneous supported monolayers or bilayers, using phospholipases [51] [52] [53] and lipases [27] [28] [29] 54] . These studies generally indicated that phospholipases and lipases adsorb preferentially at the edge of defects, where less tight molecular spacing and the increase of curvature favor the adsorption of amphiphiles. In the present study, AFM imaging revealed that rDGL preferentially adsorbs onto the LE phase presenting less tight molecular packing and at the boundaries of LC domains of heterogeneous systems. A similar and selective adsorption of colipase and pancreatic lipase onto mixed DPPC-bile salts LE regions and not in the DPPC-LC domains was previously reported [25] . The close packing of the hydrophilic lipid headgroups of DPPC in LC domains prevented lipase adsorption by steric hindrance. In this system mimicking intestinal digestion, bile salts adsorbed onto DPPC interface, spaced out the DPPC molecules and disordered their packing. As the adsorption of bile salts progressed, some large LC domains were fractionated into smaller domains which resulted in more phase edges where lipase adsorption was favored.
The insertion of rDGL in mixed lipid monolayer also induced the appearance of small, sometimes interconnected, nano-domains of extended or irregular shapes on one side, and, on the other side, also increase the circularity of large microdomains. Variations in the size and shape of domains is , we can hypothesize that lipase recruits and condenses some lipids containing saturated chains. The appearance of domain alignments after lipase adsorption was previously observed by epifluorescence and at a higher scale when Rhizopus delemar lipase was injected below a didecanoylglycerol/eicosanoic acid (90:10) lipid film [26] . These authors postulated that the free fatty acids released by the lipase in this system may contribute to lipid reorganization and to the appearance of alignments after lipase adsorption. In the present study with rDGL, these domain alignments were observed in MPL system containing hydrolysable TG but also in other systems with no lipase substrate, thus indicating that the contribution of dipole density was observed even in the absence of hydrolysis products such as fatty acids.
Alignments of lipase molecules were also observed at LC domains boundaries in our study. An analogous distribution was reported for lipidated peptides adsorbed onto a ternary DOPC/DPPC/Cholesterol (1:2:1) lipid membrane [56] . The lipidated peptides were expelled from the lipid system due to hydrophobic mismatch. The authors raised the hypothesis that such protein sublocalization and accumulation at domain interface favor protein interaction and is a vehicle for protein association.
Adsorption of rDGL in lipid monolayers is mediated by hydrophobic and electrostatic interactions
As for other lipases, the rDGL 3D structure is characterized by the presence of a lid that controls the access to the active site. Under the open conformation of the lid, the 3D structure of rDGL shows a large hydrophobic surface surrounding the entrance of the active site [6] . It was checked by in silico titration that the large apolar ring surrounding the active-site cavity is preserved whatever the pH and that the protein was positively charged below pH 5 [10] . Although hydrophobic interactions appear to be an important driving force for rDGL binding onto various interfaces [9, 10] , the strong pHdependence of rDGL adsorption suggests that electrostatic interactions are also involved. Since the pH-dependent adsorption of rDGL was first observed on a solid hydrophobic surface containing no charge, it was hypothesized that intramolecular electrostatic interactions governing the stabilization of lid opening (salt bridge) were involved and favored at low pH [10] . Nevertheless, it is shown here that addition of a small amount of negative charges using phosphatidylserine (10 %) enhances rDGL insertion at the interface. suggested by previous authors [9, 27] . The third additional level (h 3 ) may correspond to lipase molecules totally inserted on 3-5 nm and probably denaturated at the interface. Most lipolytic enzymes, including gastric lipase, are irreversibly denatured and inactivated when they bind a lipid/water interface at high surface tension/low surface pressure [4] . Their activity can be preserved by lowering surface tension with amphiphiles like proteins and bile salts [57, 58] . The lipase itself can play this role if sufficient amounts of the enzyme are added. Here, the first lipase molecules binding the interface could serve as sacrificing agents contributing to lower surface tension upon their insertion and denaturation. The fact that lipid phase separation mediates amphiphile proteins association was already hypothesized by several authors [56, 59] . 0 1 000 2 000 3 000 4 000 5 000 6 000 7 000 8 000
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Height (nm) Table 1 . Summary of variation of ellipsometric angle (δΔ) and surface pressure (Δπ, Δπ max ) following rDGL injection below monolayer of model lipid mixtures mimicking the milk fat globule membranes and monolayers of polar lipids extracted from milk fat globules over 5 hours.
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